ABSTRACT: The photo-curing behavior of composites containing nanosized SiO 2 in an acrylated hyperbranched polymer matrix was investigated by means of photo differential scanning calorimetry. The chemical conversion data were analyzed using an autocatalytic model, paying close attention to the influence of composition and UV intensity. It was shown that the reaction order and the autocatalytic exponent were independent of UV intensity and filler fraction, whereas the rate constant showed strong intensity dependence, but weak filler dependence. Maximum conversion was independent of UV intensity, but was reduced when a filler was present. The dispersion state influenced the gel-point of the composites, but had no influence on the overall cure kinetics. Cure shrinkage reduction of $ 33% could be achieved by adding 20 vol% of filler. This was attributed to the reduced double bond conversion of the matrix due to the presence of the filler. V
INTRODUCTION
Photo-induced polymerization with UV light is an efficient method for the generation of highly crosslinked polymers from multifunctional monomers. 1, 2 It is used extensively for ultrafast drying of printing inks, varnishes, and protective coatings, 2 the latter being utilized for the protection of virtually any substrate, such as wood, plastics, metal, glass, optical fibers, leather, paper, and fabrics. 3 It has also found extensive applications for adhesives and dental restorative formulations. [4] [5] [6] A drawback for UV curable formulations, and acrylates in particular, is polymerization shrinkage. In the case of coatings, the resulting tensile stress may lead to distortion, cracking, and delamination, which is a major problem for industrial processing. 7, 8 The introduction of an inorganic nonshrinking phase into the polymer matrix has been used to reduce overall shrinkage, e.g., shrinkage reduction from 7% to 2.5% was achieved with the addition of 57% glass filler. 9 The composite approach is attractive because it also improves the mechanical properties in terms of hardness, stiffness, scratch resistance, and coefficient of thermal expansion. [10] [11] [12] [13] [14] However, an increase in stiffness of the material usually has a disadvantageous effect on the internal stress, as has been shown by Condon and Ferracane 15 for highly filled dental composites.
Shrinkage is the result of double-bond conversion. Therefore, kinetic studies were performed to determine the influence of a filler on the polymerization behavior of a resin and on the level of conversion. [16] [17] [18] [19] Harsch et al. 20 found a reduction in conversion of epoxy resin when silica filler was added. In contrast, Cho et al. 19 showed that formulations containing silica nanoparticles gave higher ultimate conversion. The latter result would most likely favor shrinkage and stress. 21 Some studies demonstrated that higher intensities lead to higher conversion, 22, 23 whereas others showed that conversion was only a question of energy input. 24 Because shrinkage is closely related to conversion, UV intensity also plays a role in the dynamics of shrinkage. Polymerization contraction was found to increase with intensity, 25, 26 but exothermic temperature rise can expand the volume and reduce the shrinkage at high intensities. 27 A further approach toward shrinkage reduction is the use of hyperbranched polymers (HBP), which belong to the group of macromolecules known as dendritic polymers. [28] [29] [30] [31] Acrylated HBP were demonstrated to have significantly lower shrinkage and internal stresses than standard acrylates. 21 These features proved to be the key to producing a variety of microstructures with high dimensional accuracy. 32, 33 This is because HBP has a very high acrylate equivalent weight, yielding in a highly crosslinked material by forming only a few intermolecular bonds. Moreover, as a result of their globular structure HBP and dendrimers exhibit Newtonian behavior 34 that should be useful in postponing the liquid-to-solid transition, which compromises nanocomposite processing, to high nanoparticle loadings. The benefits of UV-curable HBPs for fast conversion were highlighted in recent investigations, although these were limited to unfilled systems. 21, 35 The goal of this work was to investigate the conversion of UV-curable hyperbranched polymer nanocomposites, and resulting shrinkage paying particular attention to the influence of nanofiller and UV light.
MATERIALS AND METHODS

Materials
The monomer was based on a third-generation hyperbranched polyether polyol, giving a 29-functional hyperbranched polyether acrylate (Perstorp AB, Sweden); its structure is depicted in Figure 1 . The HBP was derived from the ring-opening polymerization of 3-ethyl-3-(hydroxymethyl)oxetane 36 and was terminated with ethylene oxide to increase flexibility and reduce the viscosity. Table I gives an overview of the physical properties of the acrylated HBP.
The photo-initiator was 1-hydroxy-cyclohexyl-phenyl-ketone (IrgacureV R 184, Ciba Specialty Chemicals) at a concentration equal to 1 wt %. It showed good solubility in the acrylate monomer.
Two nanofillers were studied, both made of amorphous silica. HighlinkV R NanO G502 (Clariant) is a suspension of 30 wt % monodispersed SiO 2 in isopropanol. The average particle size according to the supplier is 13 nm, which corresponds to a specific surface area of about 230 m 2 /g. X-ray disc centrifuge (BI-XDC, Brookhaven) measurements gave an average particle size of 23 nm with a standard deviation of 16 nm. AerosilV R R7200 (Degussa) is a SiO 2 powder with a specific surface area of about 150 m 2 /g. The primary particle size is 12 nm, but agglomerates up to several micrometers were observed. Aerosil particles were subjected to surface treatment with methacrylsilane to promote interphase properties.
Sample preparation
First, the photo-initiator was dissolved in the HBP while stirring at 70 C for 30 min. Compositions with 5 and 20 vol% SiO 2 were then prepared. The corresponding amount of Highlink was mixed with the HBP and stirred for one hour. Aerosil was dispersed in isopropanol (ratio 1 : 3 by weight) and processed with ultrasound (Digital Sonifier 450, Branson) to desagglomerate the aggregates. A corresponding amount of the suspension was then mixed with the HBP for 1 h. The solvent was evaporated at 40 C under vacuum. Electron micrographs of the composite with 5 vol% SiO 2 are shown in Figure 2 . The micrograph samples were embedded in epoxy resin after polymerization and cut into 40-nm-thick slices M w , mass molecular weight (calculated from the hydroxyl number); M n , number molecular weight (taken from the specifications of the supplier); AG, acrylate group. The number of acrylate functionalities per monomer were taken from the specifications of the supplier. The degree of branching was taken from the work of Magnusson et al. 35 on hyperbranched aliphatic polyether.
using a microtome (Ultracut E, FC 4D, ReichertJung) with a diamond knife. Observations were made at 200 kV in a transmission electron microscope (TEM, Philips/FEI, CM20). The composites containing Highlink were true nanocomposites, where the inorganic phase was monodispersed in the polymer matrix. In contrast, the Aerosil powder could not be completely desagglomerated after the ultrasound treatment, resulting in micrometer size aggregates. The dispersion state had a strong influence on the rheological behavior of the composites, i.e., better dispersion led to higher viscosities (Table I) .
METHODS UV lamp and spectrometer
A UV lamp with a 200-W mercury bulb (OmniCure 2000, Exfo, Canada) was used for all experiments. The light intensity was measured using a spectrometer (Sola-Check 2000, Solatell, United Kingdom) over a range of 270-470 nm.
UV-vis absorption
Absorption measurements were carried out on a UV/VIS/NIR spectrometer (Lambda 19, Perkin Elmer) at 1 nm/s.
Rheology
Viscosity measurements were carried out on a strain-controlled rotational rheometer (ARES, Rheometric Scientific, 2kFRT transducer) at 1 Hz and at room temperature using cone-plate geometry with a diameter of 25 mm.
Differential scanning calorimetry (DSC)
The glass transition temperature (T g ) of the HBP and the nanocomposites was measured by means of differential scanning calorimetry (DSC, Q100, TA Instruments) at a heating rate of 10K/min as the middle point of the transition.
Photo DSC
The heat of the photo-polymerization reaction was measured by means of photo DSC (Q100, TA Instruments). The apparatus was provided with a photocalorimetric accessory. The cell was sealed with a quartz window that let the UV light pass onto the open aluminum sample pans. Measurements were carried out at room temperature. The residual temperature increase of the sample, due to the irradiation of the lamp, was less than 1 C. The sample space was flushed with nitrogen. To ensure equal illumination conditions throughout the sample volume, the samples were weighed to give a thickness of 500 lm. At the selected photo-initiator concentration of 1 wt%. 38% of UV light was absorbed throughout the sample thickness. 1 The measurements were carried out at intensities ranging from 0.5 to 50 mW/cm 2 , and the conversion was calculated according to Hoyle and Pappas 37 by integration of the area under the exothermic peak. The total heat (Joule/gram) was normalized according to the amount of resin in the composite. The theoretical heat attained per acrylate double bond was DH theor ¼ 86.41 kJ/mol. 38 
Interferometry
Polymerization shrinkage was measured with a Michelson interferometer that is described in detail in the work of de Boer et al. 39 and Schmidt. 40 A 100-lm-thick layer of sample, spread on a glass substrate using a doctor blade, was mounted in a sealed chamber flushed with nitrogen. The sample was exposed to UV light and the resulting thickness contraction was monitored by means of laser interferometry. The thickness of the sample after UV illumination, from which the initial thickness and total shrinkage could be back-calculated, was determined with a profilometer. The refractive index, which was needed for the calculations, was measured using a standard refractometer. The accuracy of the shrinkage measurement was $ 10%. Figure 3 shows the double bond conversion as a function of time and UV intensity for HBP and composites containing Highlink and Aerosil. After the reaction took off, the conversion increased rapidly and then slowed down again, until a plateau value was reached. The induction time depended on the UV intensity and was attributed to the formation of initiator-derived radicals and the inhibiting effect of dissolved oxygen. The final conversion of the HBP was 73%, which was reduced to 65% and 72% for the composites with 20 vol% Highlink and Aerosil, respectively. It is evident that the intensity did not influence the maximum conversion of the HBP or the composites. This result is contrary to the results reported by Schmidt et al. 22 and Lecamp et al., 23 who found that conversion increased at higher intensities. This difference resulted from the choice of limits for the integration of the heat flow with time. In the present case, the DSC peak was integrated from the time the lamp was switched on until the time when there was no longer any measurable change in the heat flow by DSC. Schmidt defined the conversion reaction to be completed when the heat flow reached 1/100th of its maximum value. 41 By choosing the same integration criteria as Schmidt, the influence of the intensity on the maximum conversion also became apparent.
RESULTS AND DISCUSSION
Photocalorimetry analysis
In all cases, two main polymerization stages were identified. These were already observed for other acrylate systems, including HBP, 22 and for silica nanocomposites. 19 At the beginning of the reaction, a sharp increase in the rate of polymerization was evident, which corresponded to gelation or autoacceleration. Due to the increasing viscosity, the mobility of the long-chain radical species was reduced; hence, two radical species were less likely to approach each other and recombine. Consequently, the rate constant for termination dropped, and the rate of polymerization increased. Initiation and propagation were barely affected by the increased viscosity of the reactive mixture, because the mobility of the small monomers was still high. During the second stage, which started after going through a maximum rate of polymerization, the reaction rate dropped quicker than would be expected due to the consumption of monomers only (autodeceleration). The overall reaction then became purely diffusion controlled. Because the cure temperature was above the ultimate T g of the cured materials, a third stage, controlled by vitrification, could not be identified in any of the mixtures. 22 Figure 4 depicts the ultimate conversion for all materials investigated. It is evident that the final conversion in Highlink composites decreased with the filler volume fraction U (11% reduction at U ¼ 20 vol%) compared to HBP, whereas the final conversion of the Aerosil composites was nearly independent of U (1.5 % reduction at U ¼ 20 vol%). The observed reduction of the total conversion on addition of a filler was also found by Harsch et al. 20 for composites based on epoxy resin and SiO 2 particles. On the contrary, Cho et al. 19 showed that formulations containing silica nanoparticles give higher exothermic peak and ultimate conversion, as well as shorter induction time. They suggested that silica particles behaved as an effective flow or diffusionaid agent for the photo-polymerization process. However, this phenomenon is unlikely, because the viscosity of the composite increases with filler loading, thus reducing the mobility of the reacting species. UV absorption measurements showed slightly improved transparency for the Highlink composites than for HBP in the range of 250-500 nm (Fig. 5) . Therefore, light scattering due to nanoparticles can be excluded as a source of decreased conversion. The increased transparency of the Highlink composites was due to their reduced refractive index compared with that of the HBP, hence increased Fresnel transmittance coefficient T according to 
where n m and j m are the refractive and extinction indices of the material, respectively. The refractive index of the composite is a function of the refractive indices of the HBP (n m ¼ 1.49 -1.5 measured with a standard refractometer) and SiO 2 (n m ¼ 1.46 at 500 nm 43 ) and often behaves linearly with the volume fraction. 43, 44 The refractive index of the composite containing 20 vol% of Highlink was found to be equal to 1.481. The extinction index is negligible for the considered materials in the visible range. The transmittance of the nanocomposite at 500 nm is equal to 96.24% according to eq. (1), which is higher than that of the HBP, found to be in the range 96.0-96.1 %.
The data obey a time-intensity superposition, which is further explained in a separate study. A power-law relation between intensity and the timeintensity shift factor, with an exponent equal to 0.71 was found.
Conversion modeling
One phenomenological model successfully applied to UV-curing of acrylates and acrylate composites is the autocatalytic model [45] [46] [47] :
where a r ¼ a/a max is the relative conversion, normalized with respect to the maximum conversion a max , t is the time, n is the reaction order, and m is the autocatalytic exponent that stands for the autoacceleration of the UV reaction, i.e., the immobilization of the reactive chain ends, due to an increase in viscosity, resulting in a drop in the termination rate. This model was derived from the autocatalytic Kamal model, 48 which was developed for the thermal cure of polyesters. The shape of the photo-initiated polymerization rate curves was the same as for the autocatalytic reaction. Although photo-initiated polymerization is autoaccelerated and not autocatalyzed, this model was applied to describe these reactions in a purely phenomenological way. Some fits are shown in Figure 3 . The rate constant k was modeled assuming power law dependence of UV intensity:
where k 0 is a factor that depends on the filler fraction u, and I is the UV intensity. The exponent b is related to the termination mechanism. For b < 0.5, primary radical termination is predominant, i.e., reaction of an initiator radical with a radical site on the evolving polymer. For b ¼ 0.5, second order is predominant, i.e., the reaction of two radical polymer sites. For 0.5 < b < 1, first order termination, i.e., trapping of the radical end in the forming network or recombination with oxygen, and secondorder termination happen in parallel. For b ¼ 1, first-order termination is predominant. 49 
Influence of intensity
The rate constant of the HBP and the composites strongly depended on intensity [ Fig. 6(a) ]. The intensity exponent b (Fig. 7 ) was found to be in the range of 0.6-0.8, which matches the previously mentioned intensity exponent for the time-intensity superposition. As b was between 0.5 and 1 for all composites, this result indicates that first-order and second-order termination mechanisms occurred simultaneously. In contrast, the work of Schmidt et al. 22 and Timpe et al. 50 gave values for b smaller than 0.5, indicating that primary radical termination was predominant. The degree of branching (DB) of the acrylated HBP used by the former authors was equal to 0.35, which is lower than that in the present work (0.41). A lower DB implies that additional reactive sites are less accessible and in fact are available for radicals trapping, leading to b smaller than 0.5. First-order termination includes the reaction of radicals with oxygen. Higher amounts of dissolved oxygen could have been the reason for the higher b values in the present case. The addition of a filler or precursor increased b, but did not change the termination mechanism.
The reaction order, m, and the autocatalytic exponent, n, were independent of intensity [ Fig. 6(b) ]. The reaction order was around 0.7 and the autocatalytic exponent around 2, so that the overall reaction order was $ 2.7. This is close to the reaction order 3 that was found in a previous study on dimethacrylate oligomers. 51 The conversion at maximum conversion rate, a 0 max , increased toward lower intensities, as seen in Figure 6 (c). An increase in conversion at a 0 max is comparable with a shift of gelation to a higher conversion. Microgelation 52, 53 is the formation of macromolecules that are no longer soluble in the unreacted monomer liquid. At this stage, conversion proceeds in a macroscopic liquid state in which shrinkage stress does not build up. Low intensities seemed to favor the formation of microgels and therefore increased the conversion at a 0 max . The same result was found by Neves et al. 24 for the photo-polymerization of acrylate composites. In this case and in the present case lower viscosities were maintained during longer times when lower intensities were used, which favored increased conversion before macroscopic gelation. Anseth et al. 38 found the opposite trend and explained this with delayed volume shrinkage at higher intensities that subsequently led to higher final conversion. This was not observed in the present work, where the final conversion was independent of UV intensity (Fig. 4) . A shift of gelation toward higher conversion allows the material to relax more shrinkage stress which is favorable for the production of low-stress materials.
Influence of composition and nanostructure
The rate constant marginally decreased with filler fraction [ Fig. 8(a) ], in contrast with the large influence of UV intensity shown in Figure 6 (a). The mobility of the reacting species is, therefore, only weakly influenced by the considerable increase in viscosity of the nanocomposite mixture reported in Table I . The reaction order m and the autocatalytic constant n were independent of the filler fraction for all composites [ Fig. 8(b) ]. Because n and m were also independent of intensity within experimental scatter, the conversion state of all materials investigated is fully described by the change of one single intensity and filler loading dependent rate constant. Composites showed reduced conversion at a 0 max compared with HBP [ Fig. 8(c) ], particularly at low intensities. As pointed out earlier, the conversion at a 0 max is related to gelation of the material. The increased viscosity of the composites due to the nanofiller reduced the mobility of the reacting species, leading to early gelation of the surrounding polymer and eventually reducing final conversion. This effect was more pronounced for Highlink composites owing to their considerably higher viscosity resulting from the improved dispersion state of the nanoparticles compared with Aerosil composites. Interestingly, the dispersion state of the nanocomposites did not significantly influence the rate constant or the overall reaction order. However, better dispersion led to earlier gelation, especially at low intensities, and lower ultimate conversion, with probable consequences in terms of stress buildup. 21 Influence of composition and intensity on shrinkage
As shown in Figure 9 , the addition of a filler reduced the overall shrinkage of the composite. The same trend was found by Atai and Watts 9 for acrylate composites containing a glass filler. The shrinkage of the composite containing 20 vol% Highlink was reduced by 26 AE 14% compared with the pure HBP. Therefore, the rule of mixture was obeyed within experimental scatter:
where S comp and S HBP are the linear shrinkage of the composite and the HBP, respectively, and u is the filler volume fraction.
Despite a rather high experimental scatter, it was observed that at 50 mW/cm 2 Aerosil composites with higher final conversion shrank more than Highlink composites with lower final conversion, which confirmed that shrinkage is in fact related to conversion. 5, 7, 54, 55 Assuming that conversion and shrinkage are linearly related, which was observed for nonvitrifying systems, 39 one writes:
where a comp and a HBP are the conversion of the composite and the HBP, respectively. The experimental scatter did not enable us to evaluate the validity of the models. The reduction of shrinkage observed at the higher intensity resulted from an exothermic effect, as already investigated by Stansbury et al. 27 . In the present case, a temperature rise of 7 C at 12 mW/cm 2 and 14 C at 50 mW/cm 2 was recorded during the photo-polymerization reaction. The increased temperature at high intensities enabled network formation to take place in a more expanded state.
With 20 vol% filler loading combined with an intensity increase from 12 to 50 mW/cm 2 , an overall shrinkage reduction of 33% down to 3% linear shrinkage was achieved. This corresponds to $ 9% volumetric shrinkage, which is very low in comparison with 42% volumetric shrinkage 56 for the standard photo-resist SU8 and 10-26% for various methacrylate esters. 54 This is a promising result for the reduction of internal stress during photo-polymerization, and for an improvement of the dimensional accuracy of polymer micro-and nanostructures, such as those produced using nanoimprint lithography. (4) and (5) are compared with the experimental data.
CONCLUSIONS
The influence of UV intensity and of nanosized SiO 2 particles on the photo-polymerization and shrinkage behavior of an acrylated HBP was investigated. Time-intensity superposition was applied to reduce the conversion curves onto one master curve. The shift factor showed power-law dependence on the intensity with an exponent equal to 0.71. An autocatalytic model was used to analyze the experimental conversion data. The reaction order and the autocatalytic exponent were found to be independent of the filler fraction and the intensity. The overall reaction order was $ 2.7. The reaction rate was found to have power-law dependence on the UV intensity with an exponent equal to 0.6 for the HBP, and in the 0.7-0.8 range for the composites, thereby suggesting that the main termination mechanisms were a combination of first and second orders. Low intensities were able to prolong the existence of microgels, during which conversion proceeds in a macroscopic liquid state, and shrinkage stress does not buildup. This delay in macroscopic gelation presents advantages for the production of low-stress materials.
The ultimate conversion was found to be lower for the composites compared with the pure HBP. This effect was emphasized in the case of good dispersion of the silica particles, attributable to early gelation of the system as a result of increased viscosity and therefore reduced mobility of the reacting species. This, combined with the use of high UV intensities, enabled the overall shrinkage to be reduced to 3%, which should facilitate the production of low-stress polymer nanostructures with high dimensional accuracy.
